Objective: Between February 2014 and September 2015 a large measles outbreak (5,084 cases) occurred in the Federation of Bosnia and Herzegovina (FB&H). The aim of this study is to assess the effectiveness of routine measles vaccination in the FB&H.
INTRODUCTION
Measles vaccination has been compulsory in Bosnia and Herzegovina since 1970 (1) . In 1981, measles-mumps-rubella (MMR) vaccine was included in the schedule for all infants of 12-14 months of age, and the second dose of measles vaccine was scheduled for school children aged 7 years (2) . Since 2001, two MMR doses have been scheduled, at 12-18 months and 7 years (or at the first grade of primary school) (3) . Due to the current epidemic, the time of the first dose has been moved to the age of 9 months. Introduction of a measles-containing vaccine has resulted in a significant decrease in measles notifications, but during the war that took place in Bosnia and Herzegovina in the early 1990s, even basic childhood vaccinations were affected. In the years after the war echoes of anti-vaccine sentiment have started to spread in the country, fuelled by Wakefield's controversy, which have had further negative impact on the immunization coverage. As a consequence, measles outbreaks have been registered in the last 20 years in the Federation of Bosnia and Herzegovina (FB&H, the entity of Bosnia and Herzegovina) ( Fig.  1 ) (4). The last measles outbreak occurred from February 2014 to September 2015. In total, 5,084 measles cases were registered.
The first cases were reported in the Central Bosnia Canton among school children and after that they spread across the country (4) .
The aim of this study is to assess the effectiveness of routine measles vaccination in the FB&H.
MATERIALS AND METHODS

Case Definition
Measles diagnosis was confirmed according to the World Health Organization (WHO) guidelines (5) . The clinical criteria for measles were fever, maculopapular rash (i.e. non-vesicular rash), and cough or coryza (i.e. runny nose), or conjunctivitis (i.e. red eyes). The laboratory criteria for measles surveillance case confirmation were measles IgM antibody detection, or measles virus isolation, or measles viral RNA detection by RT-PCR, or a significant rise in measles IgG antibody in paired sera.
All suspected cases were investigated and classified based on clinical, laboratory and epidemiological data, based on the WHO case definition (5) .
Laboratory findings of initial cases revealed the presence of D8 measles virus genotype (6) .
Measles Surveillance Results
We conducted an analysis of the resurgence period surveillance data, from 1 February 2014 (the first month with confirmed measles cases) to 30 September 2015. Measles cases reported through surveillance system and weekly reports from 10 districtlevel public health departments were analysed by age and vaccination status.
Retrospective Cohort Study
We also conducted a retrospective cohort study involving primary school aged children in randomly selected schools in four cantons where measles cases were registered (Tuzla Canton, Central Bosnia Canton, Zenica-Doboj Canton, and Herzegovina-Neretva Canton). Twenty primary schools that had registered measles cases were included. The study included all students in 40 classes with one or more registered measles cases in the period from February 2014 to September 2015. A list with the names of students infected with measles was obtained from the services of epidemiology at the municipality level.
Demographic information was collected: school, grade, classroom, age, and sex. Immunization status, the number of MMR doses, and the date of the last MMR dose were obtained from personal medical records.
Vaccine effectiveness was calculated using the formula (7):
where VE = vaccine efficacy, ARU = attack rate in the unvaccinated population, and ARV = attack rate in the vaccinated population.
Attack rate and vaccine efficacy with 95% CI were evaluated. Analyses were performed using Stata statistic software, version 8.0.
RESULTS
Surveillance
Measles cases occurred among all age groups, mostly among the unvaccinated and people with unknown vaccination status. Among the fully immunized people, 2.1% suffered measles. Of 5,084 confirmed measles cases, 525 (10.3%) were among children aged < 1 year, too young to be vaccinated; and 843 (16.6%) were among children aged 1-4 years, among them 658 (78.1%) were unvaccinated children; and 87 (10.6%) were children who had received one dose of MMR vaccine. There are a significant number of persons with unknown immunization status ( Table 1) .
Retrospective Cohort Study
Participants were selected from 40 classes with 66 (7.3%) measles cases among 906 study children. The study children had a median age of 10 years (range 6-15 years); among them 424 (46.8%) were females.
Immunization status was unknown for 95 (10.5%) students and therefore these cases were excluded.
The measles attack rate was 36.8% among children who received 0 doses, 3.0% among children who received 1 dose, and 0.99% among children who received 2 doses ( Single-dose vaccine effectiveness was 91.9% (81.4-96.4%), and two-dose vaccine effectiveness was 97.3% (95.5-98.4%), which is significantly higher ( Table 2) .
Single-dose vaccine effectiveness was statistically similar between students vaccinated 5 years and more in the past (Table 3 ).
DISCUSSION
In the WHO European Region, vaccine coverage of ≥ 95% with two doses of a measles-containing vaccine through high-quality routine immunization services must be achieved and maintained in order to terminate endemic transmission of measles virus (5) .
Despite the efforts to eliminate measles and rubella in Europe by 2015, the number of measles cases has been increasing in numerous European countries in the last few years (8) (9) (10) (11) . Vaccine hesitancy has become a growing focus of attention for public health researchers (12) .
Between 1 January 2014 and 1 March 2015, the WHO received notifications of over 23,000 cases of measles in the WHO European Region. Significant numbers of measles cases have been reported in Kyrgyzstan, Bosnia and Herzegovina, Croatia, Georgia, Germany, Italy, Kazakhstan, Russia, and Serbia. Measles virus D8 has been the most commonly identified circulating genotype (13) .
In the United States, during the period from 4 January to 2 April 2015, a total of 159 measles cases (in 155 US residents and four foreign visitors) from 18 states and the District of Columbia were reported to the Centers for Disease Control and Prevention (CDC) (14) .
The FB&H experienced a large measles epidemic in the period between February 2014 and September 2015, with 5,084 registered cases. A large outbreak of measles provided an opportunity to assess vaccine effectiveness. The resurgence was generally characterized by outbreaks with cases occurring among all age groups as a result of the long-standing gaps in vaccination (Table 1) .
According to the CDC Pink Book, measles antibodies develop in approximately 95% of children vaccinated at 12 months of age and in 98% of children vaccinated at 15 months of age. Most people who fail to respond to the first dose will respond to the second dose (15) .
Our study confirmed the single-dose vaccine effectiveness of 91.9% (81.4-96.4%), and two-dose vaccine effectiveness of 97.3% (95.5-98.4%), showing no evidence of waning immunity ( Table 2) .
A similar study in Romania reported that one dose reduces the risk of measles by 89% (85-91%), two doses reduce the risk by 96% (92-98%). Waning immunity was not identified as a risk factor since vaccine effectiveness was similar for children vaccinated years ago (16) .
The results of an Australian study (vaccine effectiveness at the population level) also demonstrated that the vaccine had been effective, at least one-dose effectiveness was 98.7% (97.9-99.2%), and two-dose effectiveness was 99.7% (99.2-99.9%) (17) . Finally, in the outbreak study from the Republic of the Marshall Islands, one-dose vaccine effectiveness was 92% (67-98%), and two-dose vaccine effectiveness was 95% (82-98%) (18) .
MMR vaccine failure may occur because of passive antibody in the vaccine recipient, damaged vaccine, incorrect records, or other possible reasons (15) .
Studies suggest that MMR vaccination administered after 15 months of age provides a substantial increase in the vaccine effectiveness (19, 20) . Due to a limited number of participants in this study, this analysis has not been performed.
Some studies indicate that the vaccination coverage should be at least 0.971 (95% CI: 0.961-0.978) to prevent major outbreaks unless the vaccination coverage (21) . They argue that the effectiveness of a vaccine in a population cannot be judged solely by its estimated efficacy, but also depends on the pathogen transmissibility (18, 21) .
CONCLUSIONS
The results of this study suggest that the resurgence was likely caused by an accumulation of measles-susceptible children not vaccinated due to lower immunization coverage. This vaccine effectiveness study does not support possible vaccination failure as a contributing factor. Our survey reveals that a significant number of children had no immunization status registered.
